The biological activity of a molecularly cloned DNA of a rat endogenous C-type leukaemia helper virus, RHHV, was assessed by intranuclear microinjection into normal rat kidney cells (NRK 153). Release of rat C-type leukaemia helper viruses by the microinjected cells was examined by superinfection of Kirsten-transformed nonproducer cells (K-NRK). Immediate release of helper leukaemia viruses at a very low level was observed only in the ~DVlS3 cells microinjected with the supercoiled
INTRODUCTION
Recent transfection studies, using proviral DNA or high molecular weight DNA prepared from transformed cells, have shown that virus DNA alone, or cellular copies of it, is sufficient to induce cell transformation (Lowy et al., 1977; Copeland et al., 1979; Andersson et al., 1979) , demonstrating that all necessary genetic information for morphological transformation of cells in culture is carried by the src genetic region of the sarcoma virus. Additional transfection experiments using subgenomic DNA fragments derived from both cellular and sarcoma virus sources (Tronick et al., 1979; Vande Woude et al., 1979; Haywood et al., 1981; Hager!et al., 1979) have been reported. In view of the diversity of the results obtained in the various systems employed, no unified thesis can yet be advanced. It has, however, been established that co-transfection of cellular src (c-src) or virus src (v-src) DNA with long terminal repeat sequences (LTRs), which flank retrovirus replication genes and which themselves bear RNA polymerase II promoter sequences capable of the activation of cellular oncogenes (Haywood et al., ~1981) , would satisfy the molecular requirement for successful transformation of cells in culture.
In spite of such concentrated research efforts towards understanding the biological potential of the c-src and v-src sequences, the role of the leukaemia helper virus DNA in cell transfOrmation and replication of virus particles has yet to be resolved fully. Recently, we successfully cloned the 8-8 kilobase (kb) proviral DNA of an endogenous rat C-type helper virus, RHHV, and have established a restriction map for the whole genomic DNA (Yang et al., 1982) . Results of restriction enzyme mapping suggest that there are two LTRs in RHHV DNA demarcated by two TaqI sites, located at about 0-8 kb proximal to the 5' terminus and at about 0.8 kb proximal to the 3' terminus. Thus, the virus replicative genes, gag, pol and env, would be expected to extend from the 5' terminus, at about 0-8 kb, to 8 kb on the map. This has been confirmed by hybrid selection of virus-specific mRNA in cell-free translation experiments (Yang et al., 1982) .
The experiments to be reported here entailed the isolation and microinjection of defined RHHV DNA restriction fragments in order to assess their biological activity, reasoning that the results thereby obtained might prove helpful in the resolution of the molecular basis of cell transformation and virus replication in this particular rat C-type tumour virus system.
METHODS
Preparation of cloned RHHV DNAfor microinjections. We chose to microinject (i) the 8.8 kb total RHHV DNA (DNA fragment 1, Fig. 1 ) and the following subgenomic DNA fragments: (ii) a 5-8 to 6-0 kb fragment (2, Fig. 1 ) containing an LTR and the RHHV gag and pol genes, (iii) a 4.0 kb fragment (3, Fig. 1 ) containing pBR322 sequences only, (iv) a 2-65 to 2.85 kb fragment (4, Fig. 1 ) containing mostly RHHV env gene and LTR sequences, (v) a 2.5 kb fragment (5, Fig. 1 ) containing mostly RHHV 2ool gene sequences and (vi) a circular (cir) DNA migrating at 3.5 to 3.7 kb fragment (6, Fig. 1 ), representing the supercoiled RHHV DNA. The cir DNA is a mixture of the circular forms of 8.8 kb (80~) and 5.8 to 6.0 kb (20~) RHHV DNA. These were isolated from the recombinant DNA as described below; they became self-ligated at the sticky BamHI ends upon storage at 0 to 2 °C. These DNAs were prepared from the 8/32 recombinant clone as described previously (Hager et al., 1979) . Fragments of RHHV DNA were further purified by excision from pBR322 DNA, using either EcoRI or BamHI digestion, followed by electrophoresis of the DNA in 0-85 ~o low-melting agarose gels (Bio-Rad). The desired DNA was then localized by ethidium bromide staining and recovered by the borosilicate adsorption technique. The DNA was eluted from the borosilicate powder with sterile distilled water and adjusted to 0.01 N-Tris-HC1, 0.15 taNaC1 and 0.001 ra-EDTA, pH 8.1 (TEN), to be used in microinjection experiments.
Microinjection. We chose NRK153 as target cells because these normal rat kidney cells showed an extremely low frequency of spontaneous transformation. They are adherent cultures and therefore facilitated microinjection. Ideally, transformed non-producer cells such as K-NRK carrying v-src or c-src sequences should be the appropriate target cells for microinjection studies of the leukaemia helper virus DNA biological activity. But K-NRK cells are a suspension culture, and proved to be impossible targets for microinjection. The target cells, NRK 153, were trypsinized, seeded on to individual coverslips and cultured in 35 mm plates under the conditions described below. Intranuclear microinjections were carried out on approximately 30 to 50~o-confluent NRK ls3 cells growing on coverslips, inverted for the purpose of microinjection, on a Leitz Laborlux II fixed-stage microscope. Microinjections were controlled visually at x 400 magnification. Microneedles were forged on a modified DeFonbrune microforge (Stacey, 1981 ; Kopchik et al., 1981) to achieve an orifice of 0.1 to 0-5 gin. DNA samples in 0.1 ~ KC1 were prepared for microinjection by centrifugation in a sealed 20 btl glass capillary pipette at 40 000 rev/min for 40 min and 1 gl of each sample was loaded under pressure into the tip of a water-filled microneedle by displacement of water (Stacey, 1981) . Movement of the microneedle was controlled by a micromanipulator. An estimated 10 femtolitres carrying 200 to 700 DNA molecules was microinjected, an efficiency compatible with documented microinjection reports (Stacey, 1981 ; Kopchik et al., 1981) . One hundred ceils were intranuclearly microinjected at one edge of each coverslip. After this, uninjected ceils on the remainder of the coverslip were scraped away. The coverslip was then cultured in a Petri plate at 37 °C in a CO2 incubator until ready for trypsinization. Microinjected cells were designated NRK~m 53.
Cells and tissue culture. NRK 153 and NRK a1°l, normal rat kidney cell lines derived from the original NRK line (Duc-Nguyen etal., 1966) were supplied by Biotech (Rockville, Md., U.S.A.). NRK cells were used from passages 11 to 14. NRKs, HTC-H1 (a rat hepatoma tissue culture line), HT-1 and K-NRK were cultured in Dulbecco's modified Eagle's medium supplemented with 5~o heat-inactivated (56 °C, 30 min) foetal calf serum (FCS), plus penicillin (50 units/ml) and streptomycin (25 gg/ml) in a 5~ CO2 atmosphere at 37 °C.
Superinfection, focus-formation assay and genome rescue experiments. The superinfection experiment was carried out with 5 x 105 K-NRK cells cultured in a 75 cm 2 flask. Five ml of cell-free culture medium prepared from the various microinjected NRKlm s3 clones was added to each K-NRK culture. After 2 h of infection at 37 °C, 20 ml of fresh medium was added to each culture. After 4 days of cultivation, release of virus in the various superinfection K-NRK culture media was determined by the focus-formation assay.
The focus-formation assay was carried out on 1.5 x 105 NRK 153 cells cultured overnight in polybrenesupplemented (2 ~tg/ml) medium on a 60 x 15 mm Petri plate as described above. After the medium was withdrawn, the cells were infected with 0.5 ml of cell-free culture medium prepared from either the superinfected cultures or the genome rescue co-cultures. The Petri plates were gently rocked at 37 °C for 30 min. Fresh medium with 5~ FCS was then added to the cultures. Scoring of transformed foci was carried out on day 5 or 6.
Genome rescue experiments were carried out by co-cultivating the various microinjected cells with various control and transformed non-producer cells, such as NRK B1°1, HT-1, HTC-H1 and K-NRK, at a ratio of 2 : 1 in cell number. The selected transformed, non-producer cell lines were known to carry different numbers of copies of the v-src sequence. Under the described co-cultivation conditions, either complementation or recombination with the rat helper leukaemia virus DNA sequence carried in the microinjected NRK~m 53 cell was known to take place at a high frequency, resulting in the release of a pseudotype virus (Yang et al., 1976 from each co-culture at intervals for focus-formation assays on NRK ls3 cells in order to determine any release of transforming viruses. A flow scheme of the genome rescue experiment is shown in Fig. 2. Restriction enzyme assays. All restriction enzymes were purchased from Boehringer-Mannheim, Bethesda
Research Laboratories or New England Biolabs. Unless otherwise specified, all digestion conditions were according to the instructions provided by the suppliers.
RESULTS
On the basis of the detailed restriction map for the RHHV genomic DNA (Yang et al., 1982) , it became feasible to isolate defined subgenomic DNA fragments by precise restriction enzyme cleavages for microinjection studies. Fig. 1 provides a schematic Fig. 3 . Agarose gel electrophoresis of RHHV DNA after exhaustive digestion by EcoRI and/or BamHI endonuclease for 20 h at 37 °C. Concentrated specific DNA fragments were recycled by low-melting agarose gel (0'9~o) electrophoresis at 50 V for 7 h. DNA bands marked by arrows are 8.8 kb, 6.0 kb, 4.0 kb, 2.65 to 2.80 kb, 2.5 kb and cir DNA, which migrated to the 3.5-3.7 kb region. They were visualized by u.v. illumination, excised, and extracted by the borosilicate technique (Yang et al., 1980) for microinjection. HindllI-digested lambda DNA mol. wt. markers are indicated on the right-hand side. (Stacey, 1981) .
:~ K-NRK cells were superinfected with cell-free culture media from the various microinjected NRK~m 53 clones. The conditioned K-NRK culture media were then used as virus sources and assayed for focus-forming units (Yang et al., 1976) . All assays were done in triplicate. The no. of f.f.u./ml represents averaged values. The number in parentheses represents averaged f.f.u, per culture. of the 8.8 kb total genomic D N A , the four subgenomic fragments 5.8 to 6.0 kb, 4.0 kb, 2-65 to 2.85 kb and 2.5 kb and the supercoiled recombinant D N A all recovered, recycled, concentrated and purified from agarose gels (Fig. 3) for microinjection studies. Since the subgenomic D N A fragments used in this study spanned the entire 8.8 kb, biological activities transferred by any of the fragments should provide some insight into both the gene function and its order.
No significant change in cell morphology occurred during the initial growth of some 24 microinjected cell clones (Fig. 4a) . During the second passage, one particular clone microinjected with the supercoiled R H H V D N A , ~,~v l s 3 demonstrated morphological changes, such as a l'q tXXXm 3.5/cir, disoriented and overlapping growth pattern and a loss of contact inhibition (Fig. 4b) . Morphology of N ~v153 culture resembled that of chemically or spontaneously transformed culxXXXm 3.5/cir tures and persisted with the NRK15335/~i r clone.
Release of type C helper leukaemia virus in microinjected N R K 153 clones
Immediate release of helper leukaemia viruses by the various microinjected cells into the culture medium, as determined by superinfection of K -N R K cells, was observed only in the N R K ~mS335/cir clone microinjected with the supercoiled form of the R H H V D N A (Table 1) . Superinfection of the K -N R K cells with cell-free medium from the NRK~m5335/cir culture resulted in the rescue of a pseudotype transforming virus even though the number observed in the assay was low (5 f.f.u./ml, 280 foci in all). The morphology of one transforming focus, cloned out by pennycylinder selection, is presented in Fig. 4 * All microinjected samples were described in Table 1 and assayed in duplicate.
-~ All samples were assayed in triplicate. Results are expressed as the number of f.f.u./ml in cell-free medium which represent averaged values; numbers in parentheses represent f.f.u./culture. 0.1 ~ KC1 control, failed to demonstrate release of helper leukaemia viruses into the culture media. These cultures were then assayed by genome rescue experiments as described below.
Rescue of a transforming pseudotype virus by microinjected R H H V DNA sequences
To test the biological activity of the various microinjected D N A fragments in the NRK153 cell cultures, the cells were co-cultured at the first passage with cell lines carrying various copies of vsrc and c-src sequences in their cellular D N A in a genome rescue experiment, as shown in the flow scheme (Fig. 2) . Media from these co-cultures were then assayed for the release of transforming viruses by a focus-formation assay (Yang et al., 1976) on N R K 153 cells. The results from two independent microinjection series and subsequent genome rescue experiments are summarized in Table 2 . Release of infectious transforming virus occurred 3 or 4 days after cocultivation of K -N R K cells with the N R K~ 53 cells microinjected with either 8.8 kb R H H V 153 D N A (NRKm8.8) or the 5.8 to 6.0 kb of R H H V D N A ~tNRK 153mS.8.6.0j.~ No foci were observed using media prepared from any other co-cultures. As shown in Fig. 4 (d) , the morphology of the transformed N R K foci resembled that of a Kirsten murine sarcoma virus-transformed focus. These results showed that the 5.8 to 6.0 kb of R H H V D N A proximal to the-5' terminus (containing in all probability the R H H V gag, pol, part of the env genes and an LTR; see Fig. 1 ) is sufficient to rescue a transforming virus from K -N R K cells. It also suggested that, if recombina- t Co-culture is described according to the cell strains used; e.g. 'NRK~Ss3.s/K-NRK ' represents NRK 153 cells microinjected with the 8-8 kb DNA and then co-cultured with K-NRK cells.
:~ Transformed NRK ~ 53 cells were designated clone a, b or c (top to bottom) and were isolated by either singlecell cloning or penny-cylinder cloning.
tion had occurred between the helper DNA sequence in the microinjected cells with the v-src sequences carried in the K-NRK cells then it occurred during the first or second cell division. Alternatively, the independent expression of the helper leukaemia virus could have provided the virus polypeptide(s) essential for the encapsidation of the sarcoma virus genome and resulted in the production of a pseudotype virus. Since transforming viruses were found within 3 to 4 days, the expression of the infectious transforming virus probably occurred at the second or third generation of the co-cultured cells.
When compared with the titre of transforming viruses released by the co-culture of K-NRK cells with the NRK153. s. cells, ~rRV 1531, "m5.S-6.0 cells showed a much lower efficiency in the rescuing of the v-src sequence in K-NRK cells (Table 2 ). Transformed cells infected by viruses released by this co-culture seemed to undergo spontaneous autolysis and were difficult to keep in culture. Nevertheless, the success of the genome rescue experiment using the 153 NRKms.s-6.0 cells suggested that all leukaemia helper virus information essential for the rescue of an infectious transforming virus in the K-NRK cells resided within the RHHV 5.8 to 6.0 kb DNA fragment proximal to the 5' terminus.
The stability of the transforming virus released in the various co-cultures was examined~ Cells from transformed loci (Fig. 4c, d ) were isolated by penny-cylinder or single-cell cloning. As shown in Table 3 , transformed daughter clones, designated 'a' and 'b', continued to produce progeny infectious viruses at high titre when their culture media were assayed for cell transformation. This increase in virus titre was probably due to virus gene amplification, resulting from multiple integrations during cell division, an observation based on preliminary results obtained from restriction enzyme analyses. DISCUSSION We have successfully transferred by intranuclear microinjection the rat leukaemia helper virus total or subgenomic DNA sequences into NRK 153 cells. Expression of the helper virus function was positively identified in some of these cells microinjected with RHHV in toto or subgenomic DNAs. The DNA sequence coding for complete helper virus biological activity, which proved essential in the recombination with the v-src DNA sequence carried in K-NRK cells for the evolution of an infectious transforming virus, resided within the 5.8 to 6.0 kb proximal to the 5' end of the rat helper virus DNA. Alternatively, the independent expression of the 5-8 to 6-0 kb DNA sequence could have provided the virus polypeptides (gag, pol and env) essential for the encapsidation of the virus genome, i.e. via a genetic complementation process. DNA fragments consisting primarily of LTR sequences such as the 2.65 kb proximal to the 3' terminus, or of incomplete virus information such as the 2.5 kb in the middle of the RHHV DNA, failed to elicit complete helper biological activity when tested in genome rescue experiments. Moreover, the observation that the transforming virus continued to replicate, and preliminary results from restriction enzyme analysis and Southern blot filter hybridizations, suggests that the microinjected DNA sequence became integrated into the host cell genomic DNA. A recent paper (Kopchik et al., 1981) on microinjection studies of avian viras DNA into RSV-transformed cells, a far more sensitive system, has documented successful release of infectious transforming virus 3 h after microinjection. In view of the rapid response in virus particle synthesis, it was proposed that integration of the virus DNA sequence was probably not necessary for the expression of viruses. In this rat cell system, the earliest expression of the rat helper leukaemia virus was within the 24 h after intranuclear microinjection. This implies that the microinjected DNA sequence had gone through at least one complete cell cycle prior to its expression, although it should be stressed that the superinfection assay for rat leukaemia helper virus is comparatively inefficient.
In conclusion, rat helper virus total or subgenomic DNA sequences were successfully microinjected into NRK 153 nuclei and expressions of helper virus function were positively identified in the ceils. As shown by the long-term stability of the RHHV genome in the microinjected cells and by Southern blot hybridization experiments, the microinjected DNA sequence was found to be integrated into the host cell genomic DNA. The RHHV DNA sequence that proved essential in the rescue of an infectious transforming virus resided within the 5-8 to 6-0 kb proximal to the 5' terminus of the RHHV DNA. Our results are perhaps best explained as being those of a classical pseudotype rescue experiment in which the helper virus functions in complementing the replication-defective transforming virus by providing polypeptides essential for replication or encapsidation. However, our observations could also be explained as the result of a successful recombination with either the v-src or c-src sequences in the K-NRK cells, thus resulting in the evolution of an infectious, transforming and replication-component virus. Experiments to distinguish between these two possibilities are now in progress.
